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p  1:96 TeV. The data, collected with the Run II D0 detector at Fermilab,
correspond to an integrated luminosity of 224–252 pb1 depending on the final state (ee, e, or ).
We observe 25 candidates with a background expectation of 8:1 0:6stat  0:6syst  0:5lum
events. The probability for an upward fluctuation of the background to produce the observed signal is
2:3 107, equivalent to 5.2 standard deviations. The measurement yields a cross section of
13:84:33:8stat1:20:9syst  0:9lum pb, in agreement with predictions from the standard model.
DOI: 10.1103/PhysRevLett.94.151801 PACS numbers: 13.38.Be, 13.85.Qk, 14.70.FmThe measurement of the W boson pair-production cross
section p p!WW offers a good opportunity to test the
non-Abelian structure of the standard model (SM).
Furthermore, W pair production could be enhanced by
new phenomena, such as anomalous trilinear couplings15180[1], or the production and decay of new particles, such as
the Higgs boson [2]. The next-to-leading order (NLO)




p  1:96 TeV. The CDF Collaboration
reported evidence for W boson pair production, based on1-3
PRL 94, 151801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending22 APRIL 2005




p  1:8 TeV, with a cross section
p p!WW  10:26:35:1stat  1:6syst pb [4]. The four
experiments at the CERN ee Collider (LEP) have ob-
servedW boson pair production in ee collisions [5]. The
probed mass range of the W boson pairs at the Tevatron
Collider is much higher than at LEP because of the much
higher accessible energies.
In this Letter we present a measurement of the WW
production cross section in leptonic final states p p!
WW ! ‘
‘ 
‘  e;. We use data collected be-
tween April 2002 and March 2004 in p p of Run II of the
Tevatron Collider. The integrated luminosities are 252
16 pb1, 235 15 pb1, and 224 15 pb1 for the
ee, e
, and  channels, respectively. The dif-
ferences in the integrated luminosities for various channels
are primarily due to different trigger conditions.
We briefly describe the main components of the D0
Run II detector [6] important to this analysis. The D0
detector has a magnetic central-tracking system, consisting
of a silicon microstrip tracker and a central fiber tracker,
both located within a 2 T superconducting solenoidal
magnet [6]. A liquid-argon and uranium calorimeter has
a central section (CC) covering pseudorapidities jj up to
 1:1 [   lntan2 with polar angle ], and two end
calorimeters extending coverage to jj  4:2, all three
housed in separate cryostats [7]. A muon system resides
beyond the calorimetry, and consists of a layer of tracking
detectors and scintillation trigger counters before 1.8 T
toroids, followed by two more similar layers after the
toroids.
The WW ! ‘
‘ 
 candidates are selected by trig-
gering on single or di-lepton events using a three level
trigger system. The first trigger level uses hardware to
select electron candidates based on energy deposition in
the electromagnetic part of the calorimeter and selects
muon candidates formed by hits in two layers of the
muon scintillator system. Digital signal processors in the
second trigger level form muon track candidate segments
defined by hits in the muon drift chambers and scintillators.
At the third level, software algorithms running on a com-
puting farm and exploiting the full event information are
used to make the final selection of events which are re-
corded for off-line analysis.
In further off-line analysis electrons are identified by
electromagnetic showers in the calorimeter. These showers
are chosen by comparing the longitudinal and transverse
shower profiles to those of simulated electrons. The show-
ers must be isolated, deposit most of their energy in the
electromagnetic part of the calorimeter, and pass a like-
lihood criterion that includes a spatial track match and, in
the CC region, an E=p requirement, where E is the energy
of the calorimeter cluster and p is the momentum of the
track. All electrons are required to be in the pseudorapidity
range jj< 3:0. The transverse momentum measurement15180of the electrons is based on calorimeter cell energy
information.
To select isolated muons, the scalar sum of the trans-
verse momentum of all tracks other than that of the muon
in a cone of R  0:5 around the muon track must be less
than 4 GeV, where R  2  2p and  is the
azimuthal angle. Muon detection is restricted to the cover-
age of the muon system jj< 2:0. Muons from cosmic
rays are rejected by requiring a timing criterion on the hits
in the scintillator layers as well as applying restrictions on
the position of the muon track with respect to the primary
vertex.
The decay of two W bosons into electrons or muons
results in three different final states ee  X (ee chan-
nel), e
  X (e channel), and   X ( chan-
nel), each of which consists of two oppositely charged
isolated high transverse momentum, pT , leptons and large
missing transverse energy, 6ET , due to the escaping neutri-
nos. The selection criteria for each channel were chosen to
maximize the expected signal significance, while keeping
high efficiency for WW production.
In all three channels, two leptons originating from the
same vertex are required to be of opposite charge, and must
have pT > 20 GeV for the leading lepton and pT >
15 GeV for the trailing one. Figure 1 shows the good
agreement between data and Monte Carlo (MC) calcula-
tions in 6ET distributions for the ee channel (a), the 
channel (c), and the e channel (e) after applying the
lepton transverse momentum cuts. In all cases, the back-
ground is largely dominated by Z= production which is
suppressed by requiring the 6ET to be greater than 30, 40,
and 20 GeV in the ee, , and e channels, respectively.
The different cut values among the three channels are due
to the different momentum resolution of electrons and
muons.
In the ee channel, additional cuts are applied to further
reduce the Z= background and other backgrounds. The
minimal transverse mass mminT  minme1T ; me2T  must ex-
ceed 60 GeV, where mT 

2 6ETpeT1 cospeT; 6ET
p
.
Events are removed if the invariant di-electron mass is
between 76 and 106 GeV. Events are also removed if the
6ET has a large contribution from the mismeasurement of jet
energy, using the following procedure. The fluctuation in
the measurement of jet energy in the transverse plane can





. The opening angle jet; 6ET between
each jet and the missing transverse energy in the transverse
plane provides a measure of the contribution of the jet to
the missing transverse energy. The scaled missing trans-




Ejet sinjet cosjet; 6ET2
r (1)
is required to be greater than 15. Finally, to suppress the1-4
 (GeV)TE












































































































































































































FIG. 1. Distribution of the missing transverse energy 6ET after applying the initial transverse momentum cuts in the (a) ee, (c) ,
and (e) e channel. Figures (b), (d), and (f) show the 6ET distributions after the final selection except for the 6ET criterion for the ee,
, and e channels, respectively. The arrows indicate the cut values. The QCD contribution is negligible in (c) and (d).
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transverse energies of all jets with EjetT > 20 GeV and
jj< 2:5, HT , is required to be less than 50 GeV.
Figure 1(b) shows the 6ET distribution after the final selec-
tion without applying the 6ET criterion for the ee channel,
and Fig. 2(a) shows the distribution of the minimal trans-
verse mass after applying all selection criteria except the
cut on the minimal transverse mass. Six events remain in
the ee data sample after all of these cuts are applied.
For the  channel, to further reduce the Z= back-
ground, only events with an invariant di-muon mass be-
tween 20 and 80 GeV are retained. Since the momentum
resolution is worsening for high pT tracks, an additional
constrained fit is performed to reject events compatible
with Z boson production. The opening angle between the
two muons in the transverse plane is required to be
 < 2:4. Finally, requiring HT < 100 GeV removes
the remaining background from tt events. Figure 1(d)
shows the 6ET distribution after the final selection without
applying the 6ET criterion for the  channel. Four events
are observed in the  data sample after application of all
selection criteria.
In the e channel, to suppress the WZ and ZZ back-
grounds, events are rejected if a third lepton is found and
the invariant mass of two leptons of the same flavor and15180opposite charge is in the range from 61 to 121 GeV. To
remove the background from multijet production and
Z= !  events, the minimal transverse mass mminT 
minmeT;mT  must exceed 20 GeV. Remaining Z= ! 
events, where large missing transverse energy is most
likely introduced by mismeasured jets, are suppressed by
removing events with 6EScT < 15. Requiring HT < 50 GeV
rejects most of the tt events. To remove W   events in
which photons convert to electron-positron pairs, at least
three hits in the silicon tracker are required for the electron
track if the transverse mass determined from the muon and
6ET is consistent with the W boson transverse mass.
Figure 1(f) shows the 6ET distribution after the final selec-
tion without applying the 6ET criterion for the e channel,
whereas Fig. 2(b) shows the distribution of the minimal
transverse mass after applying all selection criteria except
the cut on the minimal transverse mass. Fifteen events
survive the final selection criteria in the e data sample.
The efficiency for WW signal events to pass the accep-
tance and kinematic criteria is determined using the
PYTHIA 6.2 [8] event generator followed by a detailed
GEANT-based [9] simulation of the D0 detector. All trigger
and reconstruction efficiencies are derived from the data.
For the ee channel, the overall detection efficiency is






































































FIG. 2. Distribution of the minimal transverse mass mminT after
applying all selection criteria except the cut on mminT for (a) the
ee and (b) the e channels. The arrows indicate the cut values.
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respectively. Using a NLO cross section of 13.5 pb [3]
and branching fractions B of 0:1072 0:0016 for W ! e

and 0:1057 0:0022 forW ! 
 [10], the expected num-
ber of events for the pair production ofW bosons combined
for all three channels is 16:6 0:1stat  0:6syst 
1:1lum events, where the statistical error is given by the
statistics of the MC sample. The signal breakdown for the
three channels is given by the first line of Table I.
Background contributions from Z=, W  jet=, tt,
WZ, and ZZ events are estimated using the PYTHIA event
generator. In addition,W  jet= contributions are verified
using ALPGEN [11] and are cross checked with an estima-
tion from the data using a matrix method that takes into
account electron efficiencies and jet fake rates. All events
are processed through the full detector simulation. The
background due to multijet production, when a jet is mis-
identified as an electron, is determined from the data using
a sample of like-sign di-lepton events with inverted lepton
quality cuts (called QCD background in Figs. 1 and 2).
For the normalization of Z= and W  jet= events,
the next-to-next-to-leading order cross sections fromTABLE I. Number of signal and background events expected
and number of events observed after all selections are applied for
the three channels. Only statistical uncertainties are given.
Process ee e 
WW signal 3:42 0:05 11:10 0:10 2:10 0:05
Z= ! ee 0:20 0:06      
Z= !     0:28 0:09 1:60 0:40
Z= !  <0:01 0:0 0:1 <0:01
tt 0:18 0:02 0:34 0:03 0:09 0:01
WZ 0:33 0:17 0:38 0:02 0:15 0:08
ZZ 0:19 0:06 0:02 0:02 0:10 0:04
W  jet 0:97 0:06 2:41 0:06 0:01 0:01
W   0:43 0:04 0:31 0:04   
Multijet <0:05 0:07 0:07 <0:05
Background sum 2:30 0:21 3:81 0:17 1:95 0:41
Data 6 15 4
15180Ref. [12] are used. The cross section times branching ratio
of Z= production in the invariant mass region 60<
m‘‘ < 130 GeV is  B  254 pb. For inclusive W bo-
son production with decays into a single lepton flavor state,
this value is  B  2717 pb. The NLO WZ and ZZ
production cross section values are taken from Ref. [4]
with  B  0:014 pb for WZ and  B  0:002 pb
for ZZ production with decay into a single lepton flavor
state. The calculations of Ref. [13] are used for tt produc-
tion with  B  0:076 pb with single flavor lepton de-
cays of both W bosons. A summary of the background
contributions together with signal expectations and events
observed in the data after the final selection for the indi-
vidual channels is shown in Table I. The total background
sum is 8:1 0:6stat  0:6syst  0:5lum events. The
e channel has both the highest signal efficiency and the
best signal-to-background ratio. There is good agreement
between the number of events observed in the data and the
sum of the expectations from WW production and the
various backgrounds in all three channels.
Systematic uncertainties that affect the WW production
cross section measurement are listed in Table II. In these
estimates, parameters are varied within 1 of the respec-
tive theoretical or experimental errors. Sources such as the
trigger efficiency, electron and muon identification (ID)
efficiencies, jet energy scale (JES), electron and muon
momentum resolution, branching fraction BW ! ‘
,
cross section calculation of Z= and tt events, and the
determination of the W  jet= background contribute to
the systematic uncertainty. The PYTHIA Monte Carlo cal-
culation tends to underestimate jet multiplicities, since a
parton-shower approach is used for initial and final state
radiation instead of the full matrix element. To compensate
for this underestimation, events are reweighted in the MC
to reproduce the jet multiplicities seen in the data. The
systematic uncertainty for this approach is determined
from a measurement of the WW production cross section
with and without the reweighting. The total systematic
uncertainties are given in Table II. The uncertainty on the
luminosity measurement is 6.5%.TABLE II. Systematic uncertainties for the ee, e, and 
channels.
Change in the WW cross section (%)
Source ee e 
Trigger, ID 4:7 4:6 3:9 3:8 6:2 5:8
JES 3:2 3:2 1:6 1:2 7:2 4:8
 resolution       4:7 2:2 10:0 4:1
e resolution 4:6 2:9 1:3 1:1      
BW ! ‘
 4:4 3:9 5:3 4:6 4:3 4:1
Z=; tt 0:9 0:7 0:4 0:4 3:2 3:2
W  jet= 4:0 4:0 3:0 3:0      
Reweighting 4:3 4:4       1:5 1:5
Total 10:3 9:5 8:9 7:3 14:9 10:1
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The cross section for W boson pair production is esti-
mated using a likelihood method [14,15] with Poisson
statistics. The cross section for each channel p p!WW
is given by
p p!WW 
Nobs  NbgRLdtB ; (2)
where Nobs is the number of observed events, Nbg is the
expected background,
RLdt is the integrated luminosity,
B is the branching fraction for W ! ‘
, and  is the
efficiency for the signal. The likelihood for Nobs events
in the data is given by
Lp p!WW ; Nobs; Nbg;
Z




where N is the number of signal and background events:
N  p p!WWB
Z
Ldt Nbg: (4)
The cross section p p!WW is estimated by minimizing
2 lnLp p!WW ; Nobs; Nbg;
RLdt; B; . To combine
the channels, the individual likelihood functions are multi-
plied. As a final result, the combined cross section for WW
production at a center-of-mass energy of

s
p  1:96 TeV is
p p!WW  13:84:33:8stat1:20:9syst  0:9lum pb: (5)
This value is in good agreement with the NLO calculation
prediction of 12.0–13.5 pb at

s
p  1:96 TeV [3].
The significance for the signal observation can be esti-
mated using the likelihood ratio method [16]. The confi-
dence levels for a background only hypothesis, CLB, is
obtained using the background expectation and the number
of events observed as input. The signal significance is
extracted from 1 CLB. The confidence level for an up-
ward fluctuation of the background to the observed number
of events or higher in the absence of signal is 2:3 107,
which corresponds to 5.2 standard deviations for a
Gaussian probability distribution.
To conclude, we have measured the W boson pair-




1:96 TeV. We observe 25 events in the data, corresponding
to integrated luminosities of 224–252 pb1depending on
the final state, with a background expectation from
non-WW processes of 8:1 0:6stat  0:6syst 
0:5lum events. The expectation for SM pair production
of W bosons in our data sample is 16:6 0:1stat 
0:6syst  1:1lum events. We obtain a production cross
section of p p!WW  13:84:33:8stat1:20:9syst 
0:9lum pb, consistent with the NLO prediction. The
probability that the observed events are caused by a fluc-
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